* The two phases have the same interatomic characteristics, i.e. both are metallic or both are ionic and so their properties are not widely dissimilar;
* Their relative abundances are comparable i.e. the concentration of each phase is within the limits 10-90%; * The morphology can not be described by a limited number of parameters.
Within these definitions duplex steels (a/y) some copper alloys (a/@ brass) and titanium alloys are considered to be Duplex as well as dual steels (a/a') and ceram,ic composites such as zirc0nia:alumina and a:@' sialons.
Duplex structures appear to constitute a specific class of materials of which the textural and topological description is far from being achieved. The variation of the properties in the space, resulting from the heterogeneity of the two phases material, creates a gradient of properties. If the gradient of toughness is considered, grad Gc, this gradient is for the duplex structure intermediate between the corresponding values in polycrystal and composites. The fluctuations of the crack propagation rate energies grad G and grad Gc correspond to crack propagation mechanisms such as deviation, branching ... which need more energy than in single phase materials. The mechanical behaviour of D.S. involves specific microscopic mechanisms, crack healing, mechanical welding and alloying, mass transfer . . . the under-standing of which will be discussed below.
I1 -PROPAGATION OF CRACKS IN DUPLEX STRUCTURES
Two main ideas are intuitively and sometimes explicitly used when the toughness of duplex microstructure is studied : i) the phase boundaries create obstacles for the propagation of cracks. ii) the duplex structure favours crack deviation and branching therefore increases the energy needed to propagate the cracks.
In order to take these phenomena into account ( 7 ) the critical crack energy a release rates Gc and G : have to be considered. One may fear that an energy criterion would mask the orientation effects we intend to consider, because Gc is a scalar parameter. In fact, the orientation factors are not neglected if the different Gc values, corresponding to mode I, I1 and I11 propagations, are a considered. The Gc and G : parameters correspond to the maximum extension of the plastic zone at the crack tip and therefore to the ability of the material to accommodate the externally applied strains by plastic deformation. Usually, the Gc values are considered as macroscopic and refer to homogeneous isotropic specimens. It will be supposed here that G is not homogeneous and not isotropic. G is determined locally and depends on the propagation mode and propagation + + direction Pij : Gc(X,Pij). Clearly, the main change in Gc(X,Pij) is the nature (a 3 or 7) of the medium in X. This is the reason why in single phase materials only the homogeneous character of G is considered. As a first approximation for a Duplex Structure, three cases have to be considered : the mean value of Gc in the -a -7 different phases Gc and Gc and at the interface E,~". The plastic accommodation at the interface can be considered as a function of plastic deformations in both a and 7 phases. Although the following assumption (8) : is not very precise, because the plastic deformation of a ductile phase a cannot easily compensate an eventual absence of plasticity of the other phase r it can be accepted for duplex structure because as previously mentioned the properties of both phases are not widely dissimilar. The validity of (1) is only guaranteed when the bonding between a and r is strong enough as previously mentioned for steel-coatings. If Ba17, B , , Br are the strengths (-enthalpies) of the bonding on planes parallel to the interface a/7, at a/;r and inside a and 7, it will be proposed that (9) : Ba/r is small and where F is a growing function of a/;r bonding vanishing whenBa Ba/7 2 1 near 1 whenBa Equation (2) clearly shows that the "toughness" of the bonding depends on two properties : on the one hand the chemical bonding between both phases, and on the other hand on the plasticity of each a and phases. From relation (2) one can therefore distinguish two extreme cases : -a/r i) The boundary a/y is weak F 3 0 Gc + 0 when cracks propagate inside a or ;y and reach the a/7 interface they will develop further in the a/r interface -8'
If the toughness difference is lame enouah the cracks will be confined in the --more brittle-phase r (figure 1).
In fact it is well known that the crack propagation criterion is G > Gc where G is the available energy which can be dissipated by the propagation of the crack.
G depends on the geometry of the crack (gc) and on the stresses (o) in the specimen G(tr,gc). When the morphology is complicated, the determination of the actual stress is very difficult. Therefore the previous conclusions were compared with the experimental results obtained with zinc coating on steel where the interfaces are roughly planar (8) and with duplex wires of NbTi superconducting fibers drawn in a copper matrix (10). In both cases the chemical affinity between both phases was important and led to the formation of brittle intermetallic compounds strongly bonded with a and 7 and where the cracks stood, as long as the mean total deformation of the specimen was low. It is worth emphasizing that the accommodation of the macroscopic externally applied strain cannot be insured by plasticity in the most brittle phase although the plasticity of the ductile phase bounds the extension of the cracks, at least when the local G in the ductile phase is less than Gc. An increase of G in the ductile phase can however occur either by local increase of the internal stress due to coarse microstructure or (and) to local stress concentration and high triaxiallity such as created near an inclusion.
This behaviour of duplex structures is exemplified by micrographs obtained in NbTi-Cu duplex systems (Figures 2 and 3) . A large TiCu intermetallic compound particle ( Figure 2A ) creates an important triaxial stress field (tensile stress along the fiber and compression perpendicularly) which favours a shear crack of the fiber (Fig. 2 A 1 and of the composite (Fig. 2B ). When the TiCu intermetallic layer is continuous, a crack network is initiated in the brittle phase, stops in the more ductile NbTi alloys (Fig. 3A) or the composite when the applied stress (and therefore K and G) increases (Fig. 3B) . . . When the formation of CuTi intermetallic compound is avoided the same bending as in Figure 3 does not lead to the ruin of the material (Fig. 4) .
I11 -FATIGUE CRACKS
It has been established that the initiation of fatigue cracks occurs at the surface of the specimen and that this phenomenon is related with the cyclic plastic deformation of the grain giving rise to persistent slip bands, extrusions, intrusions and microcracks. For this stage the length of the cracks is similar to the grain size and before propagation occurs the crack has to overcome the obstacle formed by grain boundaries and, in DS, by phase boundaries.
Because the initiation stage for crack formation in fatigue is related to plasticity it is to be expected that in DS the more ductile phase will be the seat of the microcrack initiation but to our knowledge this has not been clearly established except for duplex stainless steel (11-13) where crack initiation in the ductile 7 phase was proved to occur for low amplitude of plastic deformation Asp/2 = 3 and in a for higher A&, (Aep/2 = 4 The propagation of a fatigue crack is preceded by the accumulation of a damage induced by the plastic deformation at the tip of the crack, therefore the arguments based on Gc in previous paragraphs do not strictly hold for fatigue cracks and the atomic bonding at the phase boundary plays a deciding role. Basically, the propagation of the fatigue crack is related with the irreversible part of G dissipated ahead of the crack front. If B,lX is weak the plastic deformation may not be completely transmitted from one phase to the other and a crack branching is likely to occur at the interface. Reciprocally when Ba/r is strong the plastic deformation will be transmitted from one phase to the other and the crack will not deviate. The fact that the crack does not deviate does not implicate that the crack growth rate da/dn does not change. Experimental results and simulation of crack coalescence in ferrite-perlite mixture show that the role of obstacle played by phase boundaries holds. When the delay created by phase boundaries on crack propagation can be neglected a "series-type" law for the mean propagation rate da/dn is to be proposed (8) :
In order to insure the consistency of equation (3) the variation AK of the stress intensity factor in the different phases should be the same. Except for planar interfaces parallel to the crack tip, the former condition is nearly impossible to obey : scanning electron micrographs show that the front of the crack is not a straight line but presents loops and meanders. This serpent shape of the crack may or may not coincide with an a/y frontier depending on the relative brittleness of the phases. In all cases it is expected that the concavity of the crack front is either towards the cracked or towards the un-cracked material depending on the situation either in the more or in the less brittle constituent. Figure 5 shows an example of duplex steel for which the fatigue crack propagation in the more brittle phase occurs by a cleavage-like mechanism similar to that observed by tensile test (14). The crack propagation is then radial towards the more ductile phases as shown by two striation direction nearly perpendicular to each other. Frequently the competition between different propagation lead to interferences pattern of the striations characterized by a "dinosaur spine" look. Meanwhile the possible mechanisms of the slowing down of the fatigue crack by a duplex structure are still unclear.
IV -FORMING OF DUPLEX MICROSTRUCTURES
Experiment shows that the forming of duplex alloys is usually much easier than expected and possible when the same thermomechanical treatment would lead to the destruction of the single brittle phase deprived of its association with a more ductile one. These observations refer to many duplex systems such as austenoferritic stainless steel, a-6 brass, titanium alloys, technical superconductors . . . In Cu-Fe alloys subjected to a sequence of rolling passes the striking feature was the early appearance of cracks and later their disappearance. This result can be qualitatively summarized by the schematic diagram which shows that the crack density and crack length versus rolling deformation attain a maximum near 30%. Another striking observation to be emphasized is the refinement of the microstructure (5). Two phenomena have to be taken into account in order to understand former experimental results (5) : * The mechanical rewelding of crack surfaces. * The competition between cd and zc for accommodating the macroscopic deformation sm of the sample. zd is the deformation which results from plasticity i.e. essentially dislocation multiplication and dislocation glide. zc is the deformation resulting from the formation of cracks.
The following equation results from these two sources of a microscopic deformation : & , = Cd + C, &d is given by the Orowan's relationship :
Because during rolling the annihilation and creation of dislocations balance, & is nearly proportional to v and therefore an increasing function of the stress cr. figure 6 and indicating if and where cracks form. Because in a duplex structure high stress concentration exists at the interface, the easiest zone for crack growth is the a/y interface. The domain I, which corresponds to the a/r interface is reached in the first place when km and/or increase. Then the cracks form in the most brittle phase, which in the present case is a(I1). A last domain (IV1 corresponds to cracks crossing the a and 7 phase many times and, therefore, are likely to reach the surface of the specimen, whose size is L . A description of the material behaviour during the rolling process may be given now. Starting with a duplex microstructure whose scale parameter is to, a first set of rolling passes leads the cracks to propagate in one or several I, 11, 111 domains. As long as the cracks are restricted to small sizes, i.e. not reaching IV, the crack surfaces may weld during a second set of rolling passes under the applied hydrostatic and deviatoric states of stress. This healing stage, B, is also accompanied by a refinement of the microstructure and reduces the initial scale to to the smaller value el. Supplementary rolling does not lead to new cracks because the plastic deformation now proceeds in a finer microstructure, which is able to bear a higher stress level (stage C1.
V -CONCLUSION
Important fluctuations of the critical crack propagation energy Gc and critical stress intensity factor Kc result from the duplex structure. These fluctuations lead to crack propagation, crack arrest, crack branching and crack deviation mechanisms which appreciably differ from those observed in single phase materials. Advantage of this behaviour can be taken during processing as well as during use of duplex materials. (1-3pm) formed during thermomechanical treatment of NbTi wires in a Cu matrix, lead to high triaxiallity of the stress field and the crack is driven by shear. b) In the same conditions as figure la the shear fracture crosses both phases and therefore several filaments. 
